The target of the paper is to illustrate the impact of hotspot traffic distributions on the WCDMA network performance when repeaters are used for providing service to the hotspot users. The paper concentrates on providing a detailed systemand cell-level analysis of the impact of repeaters by using static Monte Carlo simulations. Moreover, the effects of different repeater configurations are presented. Simulations were made by using different repeater gains, different hotspot traffic densities, and two different repeater distances to find out a planning guideline for WCDMA repeaters. The results show that the optimum repeater gain does not depend on the amount of traffic in hotspots, but mainly on the repeater configuration, and on the distance from the mother cell. Moreover, cell-level analysis reveals that repeaters have remarkable effect on the interference levels in cells surrounding the repeater cells. The results also show, how the downlink capacity can considerably be improved by using repeaters.
Introduction
WCDMA (Wideband Code-Division Multiple Access) repeaters are used as an amplifier unit between the mother base station and mobile stations. Correct installation of a repeater results in increased signal level under repeater service area. Repeaters are deployed to help mobile stations together with the mother base station to use lower transmit powers and thus to reduce interference propagated to the surrounding cells. Hence, repeater is a very attractive choice, e.g., when hotspots (areas with increased traffic density) are introduced.
Repeaters, and their effect on the network performance in hotspot cases, have been studied in [1] and [2] . Clear increase in downlink capacity was observed in both cases. However, the uplink direction seems to be more problematic in sense of capacity and interference as illustrated in [1] . In addition, repeater field measurements also indicate the increase in downlink capacity at properly adjusted repeater gains [3] . This paper presents the expected WCDMA network performance (in system-level and in cell-level), when repeaters are installed near hotspot areas. Moreover, the effects of repeaters on the nearby cells are analysed. This paper also clarifies what happens in the network especially in cases with different hotspot traffic loads, and what is the effect to the overall network performance in these cases compared to the case without repeaters. Finally, the effects of different repeater distances are studied to illustrate the importance of correct repeater configuration.
Simulations in brief
Analysis in the following chapters is based on Monte Carlo simulations with same simulation parameters already presented in [1] . Support for repeaters and hotspots was implemented in the static network simulator (NPSW [4] ). Simulations were performed with two repeater configurations and by using voice users only. In the scenario 1, repeaters were located at the distance of 500 m (path loss value 100 dB) from the mother base station. In the scenario 2, repeaters were brought to the distance of 333 m (path loss value 96 dB). Figure 1 shows the simulation scenario 2. Table 1 defines the terms used in the cell-level analysis. The repeater loss (G T ) value is used to define the repeater configuration from the mother base station antenna to the repeater service antenna [5] :
[dB]
where G BS is the mother base station antenna gain and G DONOR is the repeater donor antenna gain. Different repeater configuration scenarios can be simulated by using different path loss (L) between the repeater and mother base station and varying repeater gain (G REP ).
Hotspot traffic density (the density of the users in hotspot area) is defined by the hotspot density factor (HSDF). Hotspot traffic (T HS ) is defined by the traffic density in the overall network area per square km multiplied by the HSDF factor:
where D is the user density of the whole network area (users/km 2 ) and the A HS is size of the hotspot area (km 2 ).
HSDF values between 0.001 and 20 were used in the simulations. Very small HSDF value (such as 0.001) means that no hotspot traffic is present. A special traffic case was also included, where the homogenous overall traffic layer was removed, including user traffic only in the hotspots. In this case the amount of users in the whole simulated area equals to the total number of users in the hotspots.
Cell-level analysis
Cell-level analysis was performed with different hotspot traffic densities and with both simulation scenarios. Repeater cells and regular cells were analysed separately.
Figures 2 and 3 show averaged uplink other-to-own cell interferences (i UL ) as a function of the repeater gain for the scenarios 1 and 2. They illustrate how other cell interference of the regular cells increases rapidly at high repeater gains. At the same time, own cell interference in regular cells is reduced because of smaller cell dominance area and thus smaller number of users in the cell. These two figures also indicate that the repeater gain can not be increased after certain limit without heavily affecting interference levels in the surrounding cells. Dashed lines in Figure 2 and 3 indicate lower uplink other-to-own cell interference in repeater cell at high repeater gains because the cell dominance area expands (own cell interference increases) when repeater gain increases. Figure 2 indicates also that when the density of traffic in hotspots is increased, the effect to the uplink other-to-own cell interference is more sensitive. Use of too high repeater gains can be observed as the cell blocking phenomenon as in Figure 4 . 4 System-level analysis
Service probability
It is now seen how the hotspot traffic cases and the repeater configuration affect uplink interference in cell-level. Systemlevel analysis is also needed to see the changes in overall network capacity. The results in Figure 5 indicate that the overall service probability is increased a little by using repeaters for high traffic hotspots compared to the case without repeaters. Figure 5 also shows the importance of setting the repeater gain correctly in high hotspot traffic density cases (HSDF=6). The raise in the service probability (2-4 percent units) at repeater gains 60-70 dB can be explained by the high HSDF value. High amount of hotspot users (using low transmit powers) will result in noticeable decrease in uplink interference although the repeater is amplifying the interference to the other cells. This phenomenon is insignificant with lower HSDF values. The rapid decrease in service probabilities ( Figures 5 and 6 ) in low HSDF value cases is due to the higher overall network load and interference (case with 3000 users). By looking at the low-HSDF cases in Figures 5 and 6 , a shift of 4-5 dBs in optimum repeater gain value can be observed as expected.
Outage statistics presented in Figure 7 show what happens in the network when increasing the repeater gain. Solid curves in Figure 7 present the number of dropped users for that particular reason. The two main reasons for dropped users were: UL load limit and BS total maximum transmit power limit. Network configuration for the results in Figure 7 included 3000 homogenously distributed users and no hotspots. This represents highly loaded network scenario, since the service probabilities were less than 100 %. Scenario 1 was used with repeater distances of 500 m.
It is clear from the Figure 7 , how the base station transmit powers are decreasing when increasing the repeater gain, and how the uplink interference dominates the overall service probability. Network capacity could be increased in downlink direction by using even higher repeater gains. High repeater gains quarantee lower BS transmit powers, and thus, increased network capacity. Low downlink other-cell interference levels in repeater network scenarios can be explained by the use of directional BS antennas and good site planning.
Finally, repeaters are more effective in increasing WCDMA network performance in downlink direction. However, the uplink direction will limit the overall capacity when using high repeater gain values. This rapid increase in uplink interference in the repeater equipped areas can be explained by repeater donor antenna leakage at high repeater gains. It should also be considered, that UEs are assumed to have omni-directional antennas, i.e., they are radiating to all directions.
The uplink interference limitation makes it necessary to consider setting the repeater gain in both directions separately. It might be reasonable to use the repeater amplification in downlink direction more than in uplink direction. UL load limit BS TX Power limit SP
MS transmit power
As mentioned before, mobile station transmit power is a crucial parameter in determining the efficiency of a repeater configuration. Figures 8 and 9 present the network-level averaged mobile station transmit powers for the scenario 1 and scenario 2 when different hotspot traffic cases are simulated.
In Figures 8 and 9 , the impact of repeaters on the mobile station transmit powers is most clearly seen from the traffic case with only hotspot traffic present. When using the case with only hotspot traffic, the resulting transmit power value is still an average from the whole network. However, this value represents quite well an average taken only from hotspot users (i.e., repeater cell users). This is due to the fact, that most of the connections are made by using a repeater cell. A reduction of almost 5 dB in MS transmit power average is observed in this particular case when using the scenario 1. In cases of low hotspot traffic present, the phenomenon is mainly insignificant, because the uplink interference dominates and raises the MS transmit power average value. This, together with the service probability results from Figure  5 and 6, basically indicates that repeaters are useless in case of low hotspot traffic situations. However, in case of high hotspot traffic, maximum average gain of 5 dB is expected in mobile station transmit powers.
When comparing the Figures 8 and 9 , the change in the G T value (also in the optimum repeater gain value) is again clearly visible. MS transmit power curves rise 4-5 dBs earlier when using the scenario 2 instead of using the scenario 1, thereby indicating major uplink interference at high gains.
Capacity evaluation
Network-level capacity evaluations were made for scenarios 1 and 2 to determine the optimum repeater gain setting and DL capacity gain for each hotspot traffic case. The results from these evaluations are presented in Figures 10 and 11 .
Capacity gains in Figures 10 and 11 are calculated by comparing the averaged network throughputs when repeaters are swithced on and off at a certain network load point. These calculations were made separately to each of the hotspot traffic cases.
The optimum repeater gain values and capacity gains are finally put in Table 2 . The optimum repeater gain values are extracted from Figures 10 and 11 by allowing a loss of 5 percent units in uplink capacity. Finally, the DL capacity gains are selected by using these optimum repeater gain values. 
Uplink

Downlink
Results from the capacity evaluations (Figures 10 and 11 , Table 2 ) show, that the optimum repeater gain is not largely changing, when changing the hotspot traffic density. The path loss reduction of 4 dBs is again visible when comparing the optimum repeater gain values between the scenarios 1 and 2.
When looking at the capacity gain values in Table 2 , the downlink capacity is clearly increased in both scenarios when using higher HSDF values. Up to 35 percent unit increase is observed in DL capacity gain when comparing the lowest and the highest hotspot traffic density case for the scenario 1. In case of the scenario 2, the difference is not that large due to the increased repeater noise and interference issues.
The results in Table 2 show the importance of lowering the users' transmit powers in hotspots with high number of users, e.g., by using a repeater. Although the small uplink capacity loss is still present, the downlink can be now more efficiently used to, e.g., serve higher speed data users.
Conclusions and discussion
The simulations have indicated that repeaters are very effective in increasing the overall downlink capacity in all hotspot traffic cases. However, uplink direction has proven to be the bottleneck for the system performance, when using repeaters. With repeater gains larger than 70 dB, the rapid increase in uplink interference levels starts to deteriorate the system performance.
Optimum repeater gain for these simulation scenarios has been seen to depend mostly on the repeater configuration (repeater distance). The smaller is the repeater distance, the smaller is the optimum repeater gain (See Table 2 ). Improvement up to 5 percent units in overall service probability has been observed in case of high hotspot traffic. If allowing 5 % decrease in uplink capacity, a gain of 16 % in downlink capacity is observed even when no hotspots are introduced. When the amount of hotspot traffic is increased, much higher DL capacity gains are observed.
Due to the differing behaviour of the uplink and downlink directions, the repeater gain could be set separately for uplink and downlink. Higher growth in downlink capacities could be observed by using more gain in downlink than in uplink, without simultaneously raising the uplink interference.
An interesting application for outdoor repeater is the connection to indoor WCDMA networks. Repeaters could be located in between outdoor network and indoor network in such a way, that the penetration loss from the wall materials is bypassed.
